This study investigates whether acoustic correlates of prominence are related to actions of the 2 respiratory system resulting in local changes of subglottal pressure (Psub). Simultaneous recordings 3 were made of acoustics; intraoral pressure (Pio), as an estimate of Psub; and thoracic and abdominal 4 volume changes. Ten German speakers read sentences containing a verb ending with /t/ followed by 5 a noun starting with /t/. These /t#t/ sequences were typically realized as one /t:/ with a long intraoral 6 pressure plateau. Sentence-level prominence was manipulated by shifting the position of contrastive 7 focus within the sentences. The slope and peak value of Pio within the /t#t/ sequence was used to 8 estimate differences in Psub across focus positions. Results show that prominence production is 9 related to changes in the slope and maximum value of the pressure plateau. While pressure 10 increases led to higher intensity, they did not relate to f0, hence suggesting that local f0 changes 11 primarily reflect laryngeal activity. Finally, strong individual differences were observed in the 12 respiratory data. These findings confirm past reports of local Psub increases corresponding to 13 sentence-level prominence. Speaker-specific activations of the respiratory system are interpreted in 14 terms of motor equivalence, with laryngeal mechanisms also appearing to contribute to Psub 15 changes. 16 17 200/200 words 18 19
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I. Introduction 1 In this paper we investigate the physiological mechanisms behind the production of prosodic 2 prominence at the sentence level. Specifically, we test the hypothesis that acoustic correlates of 3 prominence (as induced by focus variations) are primarily related to actions of the respiratory 4 system leading to local changes of subglottal pressure. "Prominence" is a phonological notion, 5 which relates to the metrical alternation of "strong" (more prominent) and "weak" (less prominent) 6 elements within a prosodic unit. Prominence is also hierarchical: e.g., at the lexical level, word 7 stress specifies which syllable in a word is the strongest one; at the sentence level, only stressed 8 syllables are potential docking sites for phrase-level prosodic prominence and pitch accents. A 9 factor affecting prosodic variation at the sentence level is focus. In German, the language under 10 investigation here, words under focus are generally produced with a pitch accent associated with the 11 stressed syllable, which is defined as the most prominent element in the sentence (cf. Grice et al., 12 2005). Shifts in focus position bring about a different placement of the pitch accents within the 13 sentence. 14 Phonetically, prominence in German is signaled by multiple parameters, such as fundamental 15 frequency (f0), intensity, segmental duration, voice quality and spatiotemporal extent of articulatory 16 movements (e.g., Féry, 1993; Niebuhr, 2008; Mooshammer, 2010; Mücke and Grice, 2014). 17 Sentence-level prominence is primarily signaled by local and rapid f0 changes (i.e., pitch accents) 18 on the stressed syllables. Local increases in the duration and intensity further contribute to 19 enhancing prominence (cf. Kügler and Gollrad, 2015 and references therein). In this paper, we are 20 particularly interested in f0 and intensity, and their relationship with breathing. Cross-linguistically, 21 f0 and intensity have been found to co-vary in many typologically different languages such as 22 English (e.g., Fry, 1955), French (Alain, 1993), and Swedish (Fant et al., 2000) . A likely 23 explanation is that intensity and f0 have shared physiological sources (e.g., Ladefoged, 1967) . As 24 reviewed in the next sections, it is well established that respiration contributes to intensity and in 25 4 some cases to f0 variations, especially in long temporal windows (at the utterance level). The 1 question remains, however, whether respiratory maneuvers might also play a role in generating 2 intensity and frequency variations in short temporal windows (at level of prominent syllables). The 3 latter idea has a very long history, but the experimental evidence is sparse and controversial. speakers, the average correlation coefficient between subglottal pressure and intensity was .83. 16 These results are similar to those of Lecuit The idea that respiratory maneuvers might play a role in prosodic variations even within short 11 temporal windows is very old, but solid empirical support from numerous subjects is lacking. 12 Jespersen (1913) was one early work attributing stress variation to subglottal pressure. He defined 13 four levels of expiratory pressure (114ff.) for syllables, with four being the heaviest syllable to one 14 being the weakest, and zero with no expiratory pressure. In addition to respiration, Jespersen took 15 glottal resistance into account as a further mechanism to produce accent, and suggested that 16 accented syllables involve increased effort in all muscles. Stetson (1951) also considered 17 respiratory contributions to short-term aspects of speech production, namely syllables. His "chest-18 pulse theory" proposed that the muscles between the ribs (intercostals) produced rapid movements 19 at the syllable level that "are like ripples on the wave of the expiratory movement of the breath 20 group" (Stetson, 1951: 2).
21
A series of studies carried out by Ladefoged and colleagues (Ladefoged and Loeb, 2002 and 22 references therein) failed to confirm the "chest pulses" proposed by Stetson for syllables in general. 23 These authors did, however, propose that local intensity increases in lexically stressed syllables can 24 be induced by short-term variation in the activity of the respiratory muscles (especially the internal 7 intercostalis muscles.) They found peaks of subglottal pressure and local activity in the internal 1 intercostal muscles immediately before each lexically stressed syllable for three speakers. Finnegan 2 et al. (2000) confirm the general conclusion that the respiratory system is capable of generating 3 rapid pressure changes. On the other hand, Ohala (1990) , in a review of his own data, indicated that 4 he had observed local pressure peaks only during "emphatically" stressed syllables, suggesting that 5 the degree or level of prominence may be a relevant consideration. 6 In an investigation of sentence-level prominence, Gelfer et al. Ladefoged and Loeb (2002) point out in their conclusion that a variety of neuromotor combinations 1 can be used to control subglottal pressure. The same holds true for intensity and fundamental 2 frequency. Differing results across past studies lend support to this notion. Given the possibility of 3 motor equivalence, i.e. varying underlying actions leading to equivalent output, we may also expect 4 speaker-specific behavior in the underlying mechanisms that lead to differences in subglottal 5 pressure or in the relation between respiratory maneuvers and acoustic output. Together, the 6 possibility of speaker-specific behavior, combined with the cross-study variation evident in the 7 results reviewed above, underscore the need for continued study of breathing control for speech, 8 using methods that facilitate the use of multiple speakers and extensive datasets. 9 10 D. Goals and hypotheses 11 The goal of this paper is to use minimally invasive methods to quantify the relationships among 12 respiratory system activity, inferred subglottal pressure, and acoustic parameters of sentence-level 13 prominence in several speakers and in a language not yet studied via such methods (German).
14 Based on previous literature on German, we expect stressed syllables carrying sentence-level 15 prominence (as a result of focus) to be acoustically marked by higher f0, higher intensity, and 16 longer duration. If subglottal pressure (Psub) is locally controlled, sentence-level prominence will 17 be accompanied by changes in subglottal pressure. Psub will be inferred from intraoral pressure 18 measured during the oral closure plateau in stop consonants. We expect stops to be realized with an 19 intraoral pressure plateau whose attributes will change depending on the position of focus relative 20 to the surrounding vowel. If focus affects the vowel at the right side of the stop consonant, we 21 expect subglottal pressure to rise from the consonant to the second vowel and yield a slightly rising 22 pressure slope. If focus affects the vowel at the left side of the stop consonant, we expect a higher 23 pressure on the first vowel and a decrease in subglottal pressure from the vowel towards the were "malt Tanja" (paints Tanja); "hat Tassen" (has cups); "kennt Tine" (knows Tine); "nimmt Figure 1 illustrates the labelling in the acoustic, intraoral pressure and thoracic data. In the acoustic 1 signals, we labelled the onsets and offsets of the vowels preceding (V1) and following (V2) the 2 /t#t/. In three cases (malt, kennt, nimmt), the vowel V1 was not immediately adjacent to the /t/ 3 because of the presence of an intervening sonorant consonant, which was included in the 4 measurement of the vowel portion. V2 always followed the /t/. Intensity effects were measured as 5 the difference in mean intensity between the vowel following and preceding the /t#t/ (Int_diff). 6 This relative intensity measurement minimized effects of slow changes in mouth-to-microphone 7 distance over the course of the recording session. (As indicated above, speakers were sitting and 8 explicitly asked to avoid major bodily movements during the recording to limit noise in the 9 respitrace signal.) Analogously, relative measurements were taken for f0 and duration. For f0, we 10 calculated the mean difference between V2 and V1 (f0_diff); the presence of a pitch accent in the 11 focused word should be reflected in a higher f0 in the vowel compared to the unfocused one. For 12 duration, we extracted the mean difference between V2 and V1 (Dur_diff), as we expected the 13 vowel in the focused word to undergo lengthening compared to that of the unfocused word. Finally, 14 the closure duration (Clos_dur) was calculated as the difference between the onset of the 15 consonantal burst and the end of the preceding vowel. Concerning the respiratory contributions to focus, after visual inspections of the data (Figure 4 ), we 8 decided to focus only on the first and second vowel and exclude the consonant portion. This is 9 because we found a small, but very consistent drop in the thoracic movements occurring at the 10 release burst. We interpreted the drop at the release burst as an automatic consequence of the 11 increased airflow which coincides with maximal glottal aperture at the oral release (cf. Ohala, 1990 12 for similar observations) and wanted to eliminate the impact of glottal opening on the respiratory 13 signals. That is, in the vowels it is reasonable to assume a closed glottis, whereas during the 14 17 consonantal region we expect an abduction whose precise timing may vary across tokens and which 1 may additionally perturb Pio data for reasons unrelated to respiratory actions. Thus, to factor out such potential laryngeal effects, we measured thoracic and abdominal slope 2 values between the on-and offset of V1 and V2 (in %VC) divided by V1 or V2 duration (in s) 3 respectively. Analogously to the other measures we calculated the differences in slope of the 4 respiratory signals between the first and the second vowel (Thor_diff, Abd_diff). For example, for 5 focus on the left, we would expect a steeper slope for V1 (greater degree of thoracic compression) 6 than V2 and consequently a negative value (V2 thoracic slope -V1 thoracic slope) of Thor_diff. 7 For focus on the right vowel, we would expect a steeper slope for V2 and henceforth a positive included (Barr et al., 2013) . Since the full models showed some over-parameterization (e.g., when 1 the variance explained by a specific factor is close to zero), backward elimination based on 2 likelihood-ratio tests was used to decide which components should be retained in the models 3 (Pinheiro and Bates, 2000). Likelihood-ratio tests were run comparing full models (e.g., which 4 contained a random component) with simpler ones (e.g., without that component 
III. Results

15
A. Acoustics
16
Speakers realized contrastive focus successfully. When focus was present, f0 differences became 17 larger than in the no focus condition (see Figure 5 ). When focus was placed on the left, f0_diff was 18 larger with respect to the reference level [β = -40.58, SE = 11.99, t = -3.38, p = 0.003, CI = -62.62; -19 15.36], with f0 values being higher in V1 (217.5 Hz) than in V2 (162.2 Hz). f0_diff was 20 significantly larger in the right focus than in no focus condition [β = 51.21, SE = 12.08, t = 4.23, p 21 = 0.003, CI = 26.17; 76.20], with f0 values being higher in V2 (225.9 Hz) than in V1 (164.9 Hz).
22
Sex did not affect the f0 differences significantly and showed no interaction with focus. Figure 5   23 shows that the f0_diff patterns were consistent in 9 out of 10 speakers. At first glance, speaker F1 24 does not seem to show the expected f0 patterns for focus. That is, for this speaker, Figure 5 shows 25 20 no difference between the target vowels in lf condition. However, a closer inspection of the acoustic 1 data revealed that F1 realized focus by means of f0, but with a different f0 contour than the other 2 speakers. This is because the left focus was characterized by high f0 plateau spanning the first to the 3 second target word (corresponding to a continuation contour), which resulted in the lack of f0 4 differences between V2 and V1 in this focus condition. Intensity differences between V2 and V1 behaved similarly to f0. When focus was present, intensity 15 differences became larger relative to the no focus condition (see Figure 6 ). The direction of the 16 21 effect depended on the focus position. In left focus, the first vowel had higher intensity (82.3 dB) 1 than the second one (76.7 dB). Hence, the intensity difference between V2 and V1 was negative 2 and the effect was significant compared to the no focus condition [β = -2.22, SE = 0.82, t = -2.69, p 3 = 0.011, CI = -3.91; -0.70]. In right focus, Int_diff was positive, with higher values in the second 4 vowel (81.6 dB) than in the first one (77.7 dB). The comparison between right focus and no focus 5 was also significant [β = 5.80, SE = 0.81, t = 7.09, p = 0.003, CI = 4.01; 7.44]. Figure 6 shows that 6 the effect of intensity is rather consistent across speakers. F1 and M1 do not use intensity to 7 distinguish no focus and left focus. Given a possible co-variance between f0 and intensity, the 8 different intensity pattern for F1 could be related to the different f0 pattern employed by this 9 speaker. difference between the two vowels. Positive values indicate that intensity is higher in V2 than in 1 V1, negative values that it is higher in V1. difference between the two vowels. Positive values indicate that duration is higher in V2 than in 1 V1, negative values that it is higher in V1. The results for the respiratory kinematics are less clear than the results reported thus far. We found 9 no effect of focus on the slope differences between V2 and V1, both for thoracic and abdominal 10 volume changes. However, the kinematic data showed considerable speaker specific differences in 11 volume changes. For instance, for the thorax (Figure 10) , three speakers showed an increase of 12 thorax slope when focus was on the right (F4, F6, M2); four speakers displayed a decrease in thorax 13 slope (F2, F3, F5, F7), and three speakers had no effect of focus at all (F1, M1, M3). Results for 14 abdominal changes are comparable. The V2-V1 differences in f0 and intensity were positively correlated with one another [β = 1.3, SE 10 = 0.45, t = 2.93, p = 0.008, CI = 0.42; 2.19]. There was no interaction between intensity and focus.
11
Intensity differences were also significantly correlated with Pio slope (Figure 11, left) [β = 9.52, SE 12 27 = 2.28, t = 4.17, p = 0.003, CI = 5.24; 13.98], whereas we found no correlation with Pio maximum. 1 We did not find any significant relation between f0 differences and the Pio slope (Figure 11 , right). .06, t = 20.00, p = 0.003, CI = 1.19; 1.44]. This is illustrated in Figure 12 . the Psub reaches a maximum within the focused word and decays afterwards. Moreover, we found 1 that different intraoral pressure slopes accompany differences in V2 and V1 intensity. This provides 2 evidence that prominent syllables are produced with local increases of Psub and that the slope of the 3 intraoral pressure contour is related to intensity differences between the two vowels surrounding the 4 consonant. 5 Also, we found a positive correlation between intensity and f0 differences between V2 and V1. 6 Given that prominent syllables carried a rising pitch accent, it is not surprising that higher f0 values 7 are related to higher intensity. However, this finding cannot be generalized to other intonation 8 contours, in which prominent syllables carry different pitch accents (e.g., low or falling accents). 9 On the other hand, the lack of relationship between f0 and intra-oral pressure speaks to their relative 10 independence in the production of prominence and supports the view that local f0 changes are 11 related to laryngeal mechanisms, such as changes in the activity of intrinsic laryngeal muscles (e.g., 12 Hirano et al., 1969; Ohala, 1990). 13 Concerning the respiratory data, we evaluated separately the respiratory signal from the thorax and suggested, rather, a more complex scenario (Figure 4) , where speakers adopted different strategies 23 across the three focus conditions. Thus, involvement of the respiratory muscles, and the division of 24 labor among thoracic and abdominal mechanisms, appears to be speaker-specific and not 25 30 mandatory in generating the local acoustic changes associated with focus. That is, some speakers 1 may realize sentence-level prominence via respiratory means and other speakers via other 2 mechanisms. For example, laryngeal lowering may lead to a slight increase in subglottal pressure, 3 since lung volume is decreased to a small extent. Differences in glottal resistance may also explain 4 speaker-specific patterns. This is in line with the idea that speakers can achieve the same acoustic 5 result with different articulatory strategies ("motor equivalence"). 6 One might ask whether the lack of consistent correspondences between the respiratory data and the 7 intraoral pressure and acoustic data speak to the adequacy of Inductance Plethysmography. 8 However, we could observe ( Figure 4 ) a dip in the respiratory signals after the stop burst that was 9 consistent across speakers and focus conditions but small (at 1-2% thoracic VC level). This 10 observation implies that Inductance Plethysmography is sensitive to small changes in lung volume.
In sum, our findings provide evidence that sentence-level prominence is accompanied quite 12 consistently by local increases of subglottal pressure, especially as measured via Pio_slope, and 13 these correlate well with intensity but not with f0. They do not indicate a prominent and general 14 role for thoracic volume changes in generating local subglottal pressure changes or changes in f0, 15 one of the main acoustic correlates of focus. It may be that emphatic stress would show clearer 16 involvement of respiratory mechanisms (cf. Ohala, 1990), but for sentential focus we conclude that 17 thoracic mechanisms do not play a decisive role for most speakers. 
